Recent technical developments in the fields of quantum electromechanics and optomechanics have spawned nanoscale mechanical transducers with the sensitivity to measure mechanical displacements at the femtometre scale and the ability to convert electromagnetic signals at the single photon level. A key challenge in this field is obtaining strong coupling between motion and electromagnetic fields without adding additional decoherence. Here we present an electromechanical transducer that integrates a high-frequency (0.42 GHz) hypersonic phononic crystal with a superconducting microwave circuit. The use of a phononic bandgap crystal enables quantum-level transduction of hypersonic mechanical motion and concurrently eliminates decoherence caused by acoustic radiation. Devices with hypersonic mechanical frequencies provide a natural pathway for integration with Josephson junction quantum circuits, a leading quantum computing technology, and nanophotonic systems capable of optical networking and distributing quantum information.
S uperconducting electromechanical circuits employing radiation pressure forces have recently been used to demonstrate sensitive measurement [1] [2] [3] and control [4] [5] [6] of mesoscopic mechanical objects in the quantum regime. The electromechanical coupling in these devices is typically achieved by a parametric interaction with a high-quality-factor (high-Q) electromagnetic resonator. In such interactions, the coupling is enhanced through the application of a strong electrical driving tone oscillating at a frequency that is equal to the difference between the resonance frequency of the mechanical mode and the typically much higher frequency of the electromagnetic resonator 7 . In the absence of a driving tone, the strength of the coupling at the quantum level is defined by a vacuum rate, g 0 , which for capacitively coupled circuits is related to the scale of the mechanical quantum zero-point motion in comparison to the dimension of the capacitor. Superconducting microwave resonators using nanoscale vacuum-gap capacitors can reach vacuum coupling levels of up to a few hundred hertz to megahertzfrequency mechanical oscillators 8 . These devices have been used for applications ranging from conversion between microwave and optical photons [9] [10] [11] [12] to the generation and detection of squeezed states of mechanical motion [1] [2] [3] .
Similar work has sought to use radiation pressure to achieve parametric coupling to hypersonic (gigahertz or higher) 13 mechanical oscillators. In the optical domain, this has been achieved in optomechanical crystals 14 , where reducing the optical mode volume to the nanoscale leads to large coupling between infrared photons and hypersonic phonons. Hypersonic acoustic devices are also being explored for their integration into superconducting quantum circuits 5, [15] [16] [17] [18] [19] [20] [21] [22] [23] . Towards this goal, piezoelectric materials 24, 25 can be used to reach MHz-rate electromechanical coupling 12, [19] [20] [21] [22] [23] 26, 27 ; however, piezoelectric coupling cannot be turned off, nor is it perfectly mode selective, and polycrystalline piezoelectric materials can harbour lossy defects 28 . Parametric radiation pressure coupling, on the other hand, can be dynamically controlled and is relatively insensitive to material properties, but is limited for microwave electrical and hypersonic acoustical signals because of the mismatch in wavelengths.
Here we present an electromechanical crystal (EMC) structure that uses phononic crystals to engineer the localization and parametric coupling of mechanical motion. Using this concept, we demonstrate electromechanical coupling between an integrated high-impedance superconducting cavity and a mechanical mode at the hypersonic frequency of ω m /2π = 0.425 GHz. This EMC structure, akin to the optomechanical crystals, achieves a large photonphonon coupling (g 0 /2π = 17.3 Hz) through coherent addition of the coupling across multiple unit cells, and low acoustic damping (γ i /2π = 68 Hz) by virtue of a phononic bandgap shield which eliminates acoustic radiation loss. A cooperative coupling between the electrical and acoustic modes of C ≈ 30 is demonstrated, enabling transduction of hypersonic mechanical motion at the quantum level. Pushing from the ultrasonic into the hypersonic frequency range, EMC devices enter a new regime in parametric quantum acoustic transduction. In particular, they can be incorporated into phononic circuits as has been recently done with optomechanical systems 12, 29, 30 . For chip-scale microwave-to-optical conversion, the hypersonic acoustic frequency of the EMC enables operation in the resolved sideband limit 31 , a critical parameter regime for realizing noise-free quantum signal conversion 9, 32 .
Electromechanical crystal design and fabrication
The electromechanical crystal studied in this work is formed from superconducting aluminium wiring on a patterned submicrometrethick silicon membrane. The device consists of three primary elements: (1) a central nanobeam phononic crystal cavity and capacitor with nanoscale vacuum gap, (2) an acoustic shield with a phononic bandgap for all polarizations and propagation directions of acoustic waves, and (3) a nanoscale-pitch spiral coil inductor with minimal stray capacitance and large intrinsic impedance. Details of the planar spiral inductor are described in Supplementary Note 1. Here we focus on the design of the nanobeam cavity and acoustic shield. Figure 1a depicts the patterned nanobeam cavity geometry and Al wiring layout of the vacuum-gap capacitor. The resulting hypersonic breathing acoustic cavity mode is also shown, visualized as an exaggerated deformation of the beam structure. Referring to the nanobeam unit cell and acoustic band structure of Fig. 1b , c, this breathing mode is formed from an acoustic band (solid bold red curve) near the Γ-point at wavevector k x = 0. For a lattice constant of a n = 1.55 μm, numerical finite-element method (FEM) simulations place the Γ-point frequency of the breathing mode band at ω m /2π = 0.425 GHz.
Several subtle features of the nanobeam design are key to the realization of large electromechanical coupling g 0 (ref. 33 ). First, a minimum motional mass (m eff ) is desired to increase the zeropoint amplitude x zpf = (ħ/2m eff ω m ) 1/2 . In the case of the patterned nanobeam, this corresponds to minimizing both the thickness of the Si and Al layers and the width of the beam features. Second, a large motional capacitance (C m ) is desired, owing to limits on the achievable stray capacitance (C s ). The use of a Γ-point acoustic mode makes the electromechanical coupling from each unit cell additive, and thus increasing the number of unit cells in the acoustic cavity results in an increased motional capacitance and participation ratio, η = C m /(C m + C s ). FEM simulations of x zpf and η versus the number of nanobeam unit cells are shown in Fig. 1d . Here, C s is dominated by the stray capacitance of the planar spiral coil inductor forming the LC resonator. Figure 1e shows the resulting simulated vacuum coupling rate versus gap size of the breathing mode for a nanobeam structure consisting of 11 unit cells. Numerical simulations verify that extending the breathing mode of interest beyond this number of cells results in sensitivity to fabricationinduced disorder in the structure, leading to a series of localized resonances with reduced couplings.
The nanobeam phononic crystal does not have a full phononic bandgap in the vicinity of the breathing mode. To provide additional acoustic isolation from the surrounding Si membrane and substrate, the nanobeam cavity and vacuum-gap capacitor are embedded in the middle of a cross-pattern phononic bandgap crystal 34 . A unit cell of the cross shield, shown in Fig. 2a , consists of a large square plate region with four narrow connecting tethers. The FEM-simulated acoustic band structure of an optimized cross structure ( Fig. 2b ) possesses a bandgap of nearly 0.1 GHz around the breathing mode at the frequency of 0.425 GHz. Using this optimized cross structure as an acoustic shield, we plot in Fig. 2c a simulation of the radiation pattern of the localized breathing mode when embedded in the phononic crystal. The energy density of the breathing mode is well confined, dropping by 100 dB within the first two periods of the shield.
A final design consideration relates to the high hypersonic frequency of the breathing mode. Coupling this mode to a microwave circuit of comparable frequency introduces a large effective detuning shown as blue (grey). c, Acoustic band structure (frequency versus wavenumber, k x ) for an infinitely periodic nanobeam phononic crystal with parameters a n = 1.55 μm, W n = 900 nm, W x = 1.45 μm and W y = 600 nm. The Si device layer and Al electrode thicknesses are t Si = 220 nm and t Al = 60 nm, respectively. The red and blue curves correspond to symmetric and antisymmetric modes with respect to the x-z symmetry plane. The band from which the breathing mode is formed is shown as a solid red curve. d, Participation ratio (η) and zero-point motion amplitude (x zpf ) of the breathing mode as a function of number of unit cells in the beam for a fixed parasitic capacitance C s = 3.1 fF and a vacuum gap size of 45 nm. e, Motional capacitance, C m , and zero-point coupling, g 0 , of the electrical circuit as a function of the gap size. Here the coil inductance, L, is adjusted for each gap to keep the LC resonance frequency fixed at ω r,0 = 10.77 GHz. See Supplementary Notes 1 and 2 for details of mechanical and electrical numerical simulations. Acoustic energy density, ρ, is normalized to its peak value, ρ 0 , located in the nanobeam. Displacement of the structure is also used to visualize the breathing mode profile.
in the parametric interaction, greatly increasing the required microwave pump power. We circumvent this problem by using a multimode microwave cavity 35 consisting of a pair of nearly degenerate singlemode LC resonators. The resonators are inductively coupled together with a coupling rate J, resulting in two hybridized supermodes consisting of a lower-frequency resonance at ω r,− and an upper-frequency resonance at ω r,+ ≈ ω r,− + 2J. The lower-(upper-)frequency resonance is approximately an odd (even) superposition of the single-mode LC resonators. As detailed in Supplementary Note 3, for an acoustic mode b ( ) directly coupled to just one of the single-mode LC resonators with vacuum coupling rate g 0 , and a microwave pump field applied near resonance with the odd-symmetry microwave supermode − (â ), the resulting linearized electromechanical interaction Hamiltonian 31 of the acoustic mode with the even-symmetry microwave supermode + (â ) simplifies to Ĥ = ℏ̂+′
are annihilation (creation) operators for the acoustic and microwave modes, respectively, and G is a parametrically enhanced electromechanical coupling rate given by = ± − G g n 0, d, , where g 0,± = g 0 /2, and n d,− is the intra-cavity photon number in the odd supermode due to the applied pump field. In this scenario, efficient microwave pumping is realized for 2J ≈ ω m , corresponding to two-photon resonance where the microwave pump is at a drive frequency of ω d = ω r,+ − ω m ≈ ω r,− (see Fig. 4c,d) . The resulting electromechanical back-action scattering rate between microwave photons and acoustic phonons is γ em = 4G 2 /κ + , where κ + is the decay rate of the even-symmetry cavity mode.
In Fig. 3a ,b we show scanning electron microscope (SEM) images of a version of the double-cavity device fabricated using the process introduced in ref. 36 . The two single-mode LC resonators are lumped element microwave resonators, each with a planar coil inductor which is used to couple them together through mutual inductance. To increase the device yield, we capacitively couple a hypersonic phononic crystal cavity to each of the single-mode LC resonators; however, being designed at slightly different (5 MHz) acoustic frequencies, they independently interact with the microwave supermodes of the system. Details of the fabrication are given in the Methods.
Electromechanical coupling and acoustic damping
We perform measurements of the EMC in a dilution refrigerator with a base temperature of T f = 10 mK (Supplementary Note 4). As detailed in Fig. 3 , microwave signals are launched onto a 50-Ω coplanar waveguide on the silicon-on-insulator (SOI) chip, and electrical excitation of the circuit is provided by inductive coupling to the two spiral inductors. We perform read-out of the electromechanical circuit response in reflection. Using a vector-network analyser, we plot in Fig. 4a ,b microwave delay measurements of the device in Fig. 3 , showing the presence of a heavily loaded low-Q resonance at ω r,− /2π = 10.5788 GHz and a more weakly coupled high-Q resonance at ω r,+ /2π = 10.9930 GHz. The measured splitting of Δ ± /2π = 414.2 MHz is in close correspondence to the design tunnel-coupling rate of 2J/2π = 415 MHz. Fitting the measured delay curves to a Lorentzian lineshape, we infer a total damping rate of κ + /2π = 230 kHz and an external coupling rate of κ e,+ /2π = 85 kHz for the microwave mode at ω r,+ . For the more strongly loaded resonance at ω r,−, we measure κ − /2π ≈ κ e,− /2π = 8.9 MHz. Although the splitting and external coil coupling together indicate that the local modes of this device are strongly hybridized, more definitive evidence is provided by the measurement of the cross-mode electromechanical coupling g 0,± .
To probe the acoustic properties of the EMC, we use a two-tone pump and probe scheme 4, 37, 38 , illustrated schematically in Fig. 4c . In this scheme, a strong drive tone (ω d ) is applied at a variable detuning from the lower-frequency microwave resonance, while a weaker probe tone (ω p ) is scanned across the upper-frequency microwave resonance. At two-photon resonance when the pump-probe difference frequency matches that of the acoustic mode (ω p − ω d = ω m ), the beating of the drive and probe tones inside the cavity drives the acoustic mode. This leads to emergence of a transparency window in the reflected probe spectrum. In the weak-coupling, sidebandresolved limit the reflected probe spectrum is given by 38 : where δ r+,p ≡ ω p − ω r,+ and Δ r+,d ≡ ω r,+ − ω d ≈ ω m . In Fig. 4e we plot a colour intensity map of a series of probe scans as the pump detuning is stepped in frequency, indicating the emergence of a dressed acoustic resonance near Δ r+,d /2π = 424.69 MHz. A plot of the reflected probe spectrum for Δ r+,d /2π = ω m /2π = 424.7 MHz and n d,− = 2.25 × 10 5 photons is shown in Fig. 4f . As was the case for roughly half of the tested devices, we did not find a second acoustic resonance on this device (see below for discussion). Fitting equation (1) to the measured probe spectrum, we find a total linewidth of γ/2π = 6.8 kHz for the acoustic mode. This linewidth contains contributions from electromechanical back-action (γ em ), intrinsic energy damping of the acoustic mode (γ i ) and any pure dephasing of the acoustic mode. We implement a pair of time-domain measurements to determine directly the intrinsic acoustic damping and the electromechanical back-action (see Methods). In Fig. 5a we plot the measured ringdown of the acoustic mode energy as a function of the delay, δt, between the end of a ring-up pulse and the beginning of a read-out pulse (see inset). This 'ringdown in the dark' measurement yields the intrinsic energy damping rate of the mechanics, which for the breathing mode at ω m /2π = 424.7 MHz is measured to be γ i /2π = 68 Hz (phonon lifetime τ = 2.3 ms), corresponding to Q = 6.25 × 10 6 . We measure a series of such ringdown curves with the read-out pulse applied throughout the experiment. From these measurements, we are able to extract the back-action damped acoustic energy decay rate, γ m = γ i + γ em , versus read-out pulse amplitude. The slope of the resulting plot, shown in Fig. 5b , yields a vacuum electromechanical coupling rate for the breathing mode of g 0,± /2π = 17.3 Hz (corresponding to g 0 /2π = 34.6 Hz). Referring to Fig. 1d , this value is substantially larger than that expected for the vacuum-gap size of s = 70 nm measured by SEM at room temperature. We attribute this difference to a shrinking of the gap to s ≈ 40 nm owing to an increase in the tensile strain of the Al wires on the nanobeam as the device is cooled to cryogenic temperatures. This is consistent with the observation that devices with gaps smaller than s ≲ 60 nm at room temperature (~25%) did not show any acoustic resonances when cooled down, probably owing to a closing of the gap.
Frequency jitter and thermal occupancy
As quantified by the cooperativity, C ≡ γ em /γ i , and evidenced in the two-tone spectroscopy measurements of Fig. 4 , coherent Here, ω d is the drive frequency, which is placed near the low-frequency LC resonance (ω r,− ) and close to resonance with the lower motional sideband (red sideband) of the high-frequency LC resonance (ω r,+ ), and Δ r+,d ≡ ω r,+ − ω d . The high-frequency cavity response is registered by sweeping the frequency (ω p ) of the weak probe tone. d, Corresponding energy level diagram for red-detuned pumping scheme of c. n d,+ is the intra-cavity photon number created by the drive tone in the high-frequency resonance, and n m is the phonon occupation number in the mechanical mode. e, Colour plot of the measured normalized reflection spectrum, |S 11 |, of a weak coherent probe tone as a function of the detuning (δ r+,p ≡ ω p − ω r,+ ) from the upper-frequency resonance, and the detuning (Δ r+,d ) of the strong drive tone. f, Plot of the measured probe tone spectrum around the highfrequency LC resonance for a drive detuning at two-photon resonance, Δ r+,d ≈ ω m = 2π × 424.7 MHz). The solid red curve is a fit to equation (1) . In e and f, the strength of the drive tone corresponds to an intra-cavity photon number in the lower LC antisymmetric resonance of n d,− = 2.25 × 10 5 . Here the drive tone is kept on after excitation, and the energy decay includes parametric back-action (and parasitic) damping due to the drive tone. The vacuum electromechanical coupling g 0,± is extracted by fitting the measured decay rate γ m versus the estimated intra-cavity photon number of the drive tone (n d,− ). κ + is the decay rate of the even-symmetry cavity mode.
manipulation of the breathing mode via microwave drive fields is possible. A maximum cooperativity of C ≈ 30 is obtained in this work at the highest attainable drive power of n d,+ = 4.3 × 10 5 (see Supplementary Note 6). For quantum applications, one is also interested in the quantum cooperativity, defined as C eff ≡ C/n b , where n b is a noise occupancy (Bose factor) of the bath coupled to the acoustic mode. C eff > 1 allows for coherent manipulations of the mechanics on a timescale faster than decoherence caused by the bath, or in terms of dissipative processes, back-action cooling of the mechanical mode to its quantum ground state. We explore here the noise baths coupled to the EMC by monitoring the noise power spectrum generated on the upper motional sideband of a pump tone at ω d = ω r,+ − ω m . We plot in Fig. 6a the measured noise power spectral density around ω r,+ . In this plot, the blue-shaded spectrum labelled S th is the back-action damped noise spectrum of the breathing mode, magnified by a factor of 40 for visibility. The linewidth of this spectrum is 6.7 kHz, substantially larger than the estimated linewidth from back-action and intrinsic damping alone ([γ i + γ em ]/2π ≈ 2 kHz). This broadening of the mechanical spectrum is due to time-averaging of the aforementioned frequency jitter. An estimate of the timescale of the jitter noise can be determined using the method described in refs. 39, 40 , in which a weak coherent tone is applied close to the upper motional sideband. We show in Fig. 6a the resulting measured noise power spectral density using this technique. The spectrum is separated into a broad thermal-like spectrum (S bb ; red curve) and a narrower spectrum around the applied coherent tone (S nb ; green curve). Acoustic frequency fluctuations faster than the instantaneous linewidth (given by γ i + γ em ) contribute to S bb whereas lower frequency fluctuations add to the narrow spectrum S nb . We estimate that 15% (58%) of the measured total linewidth is a result of fast (slow) frequency jitter noise.
By calibrating the reflected signal amplification, we can also relate the area under the noise power spectral density S th to an estimate of the noise phonon occupancy of the breathing mode, n m (ref. 31 ). A plot of the inferred n m versus drive photon number n d,− is shown in Fig. 6b . Although significant back-action cooling 41 is expected based upon the measured cooperativity, the variation in n m versus drive power is highly irregular. The breathing mode starts out hot at low power, following a weak cooling trend with large fluctuations between different drive powers. Repeated measurement of n m at a single drive power also show fluctuations (see red data points at n d,− = 7.1 × 10 4 in Fig. 6b ). To confirm that the breathing mode is thermalized close to the fridge temperature in the absence of microwave driving of the circuit, we plot in Fig. 6c the total measured acoustic noise power versus time as the red-sideband cooling pump tone is switched on (see Methods). The breathing mode occupancy at the onset of the pulse is n m = 1.5 (mode temperature T m ≈ 40 mK) and then heats over several milliseconds up to an occupancy n H = 8.9. Over a train of pulses we observe n H to fluctuate on timescales of a few seconds to minutes, with a variance consistent with the continuous-wave mode occupancy measurements. See Supplementary Note 7 for further discussion of the frequency jitter and anomalous mechanical heating measured in the current devices.
conclusions
In conclusion, we present the design concept of an electromechanical crystal structure and experimentally realize it to demonstrate coupling between a multimode superconducting microwave cavity and a hypersonic phononic crystal oscillator. Device fabrication is performed using an Al-on-SOI materials platform compatible with both silicon photonics and superconducting qubits 36, 42 . The design of the acoustic cavity uses a phononic crystal to enable efficient coupling to a single mode at frequency ω m /2π = 0.425 GHz. A phononic bandgap shielding further reduces the coupling of the acoustic mode to external modes of the substrate, resulting in a measured intrinsic Q of 6.25 × 10 6 , 600 times as large as can be obtained for a device without a shield. A cooperative coupling between the microwave electrical circuit and the hypersonic acoustic mode of C ≈ 30 is achieved, enabling sensitive electrical measurement of the acoustic mode close to its quantum ground state (mode occupancy n m = 1.5).
The use of a different superconducting material with short quasi-particle relaxation time and a clean surface-such as NbTiN (ref. 43 ) may reduce acoustic mode heating and frequency jitter. Improvements in circuit design can also help to further increase the With the weak tone off, the measured noise power spectral density is just that of the back-action damped acoustic resonance (S th ; blue curve, magnified ×40). With the weak tone on, the measured noise spectrum can be separated into two distinct components, a broad thermal-like spectrum S bb (red curve) and a narrow noise peak around the weak coherent tone S nb (green curve). b, Back-action cooling curve showing measured phonon occupancy versus drive tone power for a pump frequency Δ r+,d ≈ ω m . For comparison purposes, the dashed grey curve corresponds to the theoretical back-action cooling curve for a fixed bath temperature of T b = 500 mK and intrinsic mechanical damping rate γ i /2π = 68 Hz. n d,− = 1 corresponds to P in = 0.62 fW at the input to the circuit. Inset: measured noise power spectral density at a drive power of n d,− = 7.1 × 10 4 . Error bars in phonon occupancy correspond to 90% confidence interval in fit to area under Lorentzian noise power spectral density. c, Calibrated noise power in units of breathing mode phonon number, n m , versus time during a red-detuned (ω d = ω r,+ − ω m ) drive pulse. Here a pulse train with pulse period T per = 30 ms and on-pulse length T on = 15 ms is used. t on marks the instance of time when the drive tone is switched on. Pulse amplitude corresponds to an intra-cavity drive photon number n d,− = 7.1 × 10 4 . The solid red curve shows a heating model fit to the data (see Supplementary Note 8) with the initial bath occupancy n m,bath = 1.5 and a pump-induced hot bath occupancy n H = 8.9. The overall phonon occupancy scale in b, c has a systematic uncertainty of 17% due to uncertainty in the measured γ em and the gain in the microwave amplifier chain.
back-action rate, operational bandwidth and the acoustic frequency of the EMC studied here. Using a parametric pump tone near d.c. 5, 44 , effectively replacing the lower-frequency microwave resonance of the current devices, can greatly reduce the heating caused by absorption of drive photons. A simple scaling of the device used here indicates that for an applied bias of 10 V, electromechanical coupling at the MHz level should be possible for acoustic modes at frequencies up to several GHz.
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